Supermassive black holes and intermediate mass black holes are believed to exist in the Universe. There is no established astrophysical explanation for their origin and considerations have been made in the literature that those massive black holes (MBHs) may be primordial black holes (PBHs), black holes which are formed in the early universe (well before the matter-radiation equality) due to the direct collapse of primordial overdensities. This paper aims at discussing the possibility of excluding the PBH scenario as the origin of the MBHs. We first revisit the constraints on PBHs obtained from the CMB distortion that the seed density perturbation causes. By adopting a recent computation of the CMB distortion sourced by the seed density perturbation and the stronger constraint on the CMB distortion set by the COBE/FIRAS experiment used in the literature, we find that PBHs in the mass range 6 × 10 4 M ⊙ ∼ 5 × 10 13 M ⊙ are excluded. Since PBHs lighter than 6 × 10 4 M ⊙ are not excluded from the non-observation of the CMB distortion, we propose a new method which can potentially exclude smaller PBHs as well. Based on the observation that large density perturbations required to create PBHs also result in the copious production of ultracompact minihalos (UCMHs), compact dark matter halos formed at around the recombination, we show that weakly interacting massive particles (WIMPs) as dark matter annihilate efficiently inside UCMHs to yield cosmic rays far exceeding the observed flux. Our bound gives severe restriction on the compatibility between the particle physics models for WIMPs and the PBH scenario as the explanation of MBHs.
Introduction
Supermassive black holes (SMBHs) ranging from 10 6 M ⊙ to 3 × 10 9 M ⊙ are believed to reside at the center of many galaxies including the Milky Way [1] . They are thought to be descendants of seed BHs (observed as quasars) at high redshifts (z ∼ 3). Those quasars are likely to have undergone mergers associated with galaxy mergers and have grown to become the observed SMBHs. Furthermore, SMBHs are also observed at higher redshifts (z = 6 ∼ 7) [2, 3] . Quite intriguingly, some of them have masses exceeding 10 9 M ⊙ , which makes astrophysical explanations of their origin challenging. In addition, smaller mass BHs, the so-called Intermediate-mass BHs (IMBHs), ranging between 10 2 M ⊙ to 10 6 M ⊙ probably explain observed luminous X-ray sources [4, 5] . Despite the observational revelation of the ubiquitous existence of these massive BHs (MBHs) #1 , the established theoretical explanation of their origin is still missing.
The observed MBHs, either SMBHs or IMBHs, or even both, are possibly primordial black holes (PBHs) that formed by the direct gravitational collapse of density perturbations having extremely large amplitude (δ = O(1)) when the Universe is still dominated by radiation [6] [7] [8] [9] [10] . PBHs are formed right after the coherent length of large inhomogeneity which was originally super-Hubble length scale becomes comparable to the Hubble horizon length [11] [12] [13] . The mass of the resulting PBH is approximately equal to the horizon mass, the radiation energy density multiplied by the Hubble volume at the time of the PBH formation. Depending on when PBHs are formed (in other words, depending on the comoving coherent length of density perturbation), the mass of PBHs covers a vast range, starting from the Planck mass ∼ 10 −5 g up to 5 × 10 17 M ⊙ (for detailed investigation of cosmological consequences of PBHs for a wide range of masses, see [14] ). The shorter the comoving coherent length is, the smaller the mass of the PBH is. The characteristic feature of the PBH scenario is that producing BHs as massive as 10 9 M ⊙ is easily achieved by simply preparing primordial perturbation with sufficiently large amplitude with suitable comoving coherent length. Once such density perturbation is prepared, the PBH formation inevitably occurs. The drawback of the PBH scenario is that realizing such large amplitude of density perturbations heavily relies on inflation models which we do not know. Several papers have appeared in which some inflationary models are contrived to produce PBHs for the purpose of explaining the observed MBHs [6, 8, 9, 15, 16] . However, it is difficult to conclude or even to test if the PBH scenario is indeed correct or not.
The aim of this paper is to investigate if it is possible to exclude the PBH scenario as the origin of the MBHs. In this paper, we focus on two astrophysical effects that PBH formation leads to. The first effect is the distortion of black body spectrum of the Cosmic microwave background (CMB) caused by the Silk damping of the density perturbations. Although the amplitude of the density perturbation for the PBH formation typically corresponds to the very tail of the distribution function, the standard deviation is still large enough and leads to the observable CMB distortion for some range of PBH mass. Given the non-detection of the CMB black body distortion, PBH in such mass range is excluded. Note that this idea itself is not new. Actually in [17, 18] it is applied, with the combined use of the COBE data, to exclude PBHs in some mass range. By adopting a modern computation of the CMB distortion and stronger observational bounds [19] than were used in [17, 18] , PBHs with their mass larger than 10 5 M ⊙ were excluded in [20] for the locally scale invariant power spectrum. In the next section, we will briefly revisit this issue by adopting a simple δ-function shape for the primordial power spectrum, which is used throughout this paper, and find exclusion range of the PBH mass similar to that of [20] . The exclusion of PBH mass 10 5 M ⊙ as seeds of the SMBHs may be thought to disfavor, but not preclude, the PBH scenario as the origin of the SMBHs existing at high redshift 6 because of the short available time to increase the PBH mass from less than 10
5 M ⊙ to more than 10 9 M ⊙ by z = 6 ∼ 7. We need efficient accretion in order to achieve such BH growth and it is not clear if it is really possible from the astrophysical point of view. On the other hand, PBHs with mass less than 10 5 M ⊙ are in favor of the present SMBHs and the IMBHs. For instance, it was demonstrated in [21] that PBHs lighter than 10 5 M ⊙ can evolve into the present SMBHs by mergers. Thus, in addition to the exclusion of PBHs heavier than 10 5 M ⊙ , it is equally important to exclude PBHs lighter than 10 5 M ⊙ . This can be potentially possible by making use of the second effect we consider in the following.
The effect is the emission of high energy cosmic rays due to annihilations of dark matter particles in compact dark matter halos. Once more, PBHs form at sites where the density perturbation is as large as O(1) [12] . The O(1) amplitude of the density perturbation corresponds to the tail of the Gaussian probability distribution function, typically taken to be 10 σ deviation to be consistent with observational upper bounds on the PBH abundance [14] , where σ 2 is the variance of δ. This implies that sites of PBH formation are extremely sparse and the amplitude of the density perturbation at most places in the Universe takes δ ∼ σ ≃ O(10 −2 ), which is not enough for PBH formation but is still considerably larger than the density perturbation observed at CMB scales. As was pointed out by Ricotti and Gould [22] , density perturbations on small scales having amplitude larger than ∼ 10 −3 , a value which is much smaller than the typical amplitude of O(10 −2 ) mentioned above, lead to gravitational collapse of dark matter (DM) at around the time of the recombination to form what are called ultracompact minihalos (UCMHs) in the literature. It would be worthwhile to mention that the formation of these UCMHs is due to the combined effects of the slow growth during the radiation-domination #2 and the relatively rapid growth during the matter domination, the growth in proportion to the scale factor. This suggests that the formation of a numerous number of UCMHs is an inevitable outcome of the PBH scenario. If DM particles are discovered by colliders such as Large Hadron Collider (LHC) or any other direct experiments in the future and in addition the interaction strengths with standard model (SM) particles are measured, #2 We consider density perturbations which re-enter the Hubble horizon after the kinetic decoupling of the dark matter particles. As we show later, this places a lower bound on the mass of the PBHs for which our constraints by the UCMHs can be applied.
which is a plausible possibility from the particle physics point of view, UCMHs are efficient factories emitting cosmic rays out of DM annihilations mostly occurring at the core of the UCMHs where the DM density is highest [23, 24] . Among the final annihilation yields are, for instance, high energy photons which can be observed by the cosmic-ray detectors such as Fermi-LAT. The possibility then arises that non-observation of such DM signals coming from unidentified sources is inconsistent with the expected intensity of cosmic rays coming from the UCMHs, estimated based on the DM properties potentially measured by terrestrial experiments and on the assumption that PBHs are the origin of the MBHs. In this case we can falsify this assumption. It should be noted that a similar logic can be used to constrain the power of small scale perturbations and in fact intensive investigations have been done in the literature [25] [26] [27] [28] [29] [30] [31] [32] .
Based on this consideration, we aim to make a proposal which can test the PBH scenario as the origin of the MBHs by assessing the maximum strengths of interactions between DM particles and the SM ones allowed by the recent observations of cosmicrays assuming PBHs explain MBHs. It will turn out that our proposal is effective for WIMP dark matter. As for the cosmic-ray experiments, we use the results of Fermi-LAT which measures the gamma-rays with good angular and energy resolution. We also use the atmospheric neutrino flux to constrain DM properties. We consider three processes χχ → bb, χχ → W + W − and χχ → τ + τ − , where χ denotes a DM particle, as typical annihilation modes and we place limits on each cross section, assuming only one mode dominates the others for each case. The conversion from the intermediate yields such as bottom quarks or W bosons to γ−rays is calculated by using the public code PYTHIA [33] . We find that if the observed MBHs are of PBH origin, the upper bound on each cross section is mostly a lot less than so called canonical value, σv can = 3 × 10 −26 cm 3 s −1 , with the precise bound depending on the PBHs mass as well as density profile of the UCMHs. Given that WIMPs such as neutralino appearing in many extended SM models typically have the cross section of order the canonical value unless some fine-tuning is imposed, our bounds show that the PBH scenario is strongly disfavored if the WIMPs having the typical interaction strengths with the SM particles are discovered in future.
2 Constraints on the abundance of PBHs obtained from CMB µ-distortion
Constraints on the abundance of PBHs obtained from CMB distortions were investigated in 1993 and 1994 by Carr et al. [17, 18] , and in Chluba et al. in 2012 [20] (here after CEB) the upper bound on the amplitude of the primordial power spectrum was derived for the locally scale invariant spectrum with a Gaussian filter, using CMB distortions. The obtained upper bound is a few orders of magnitude smaller than the PBH bound around M PBH ≃ 6 × 10 4 M ⊙ , implying a severe restriction on the abundance of such PBHs. In this section, following CEB, we briefly revisit this issue by considering δ-function shape of the primordial power spectrum which is used throughout this paper #3 . In CEB, the primordial power spectrum of curvature perturbation was decomposed as follows;
where the first term represents the standard almost scale-invariant power spectrum, which has been determined by CMB experiments accurately, with the second term denoting the deviation from this standard spectrum. Let us consider the δ-function like ∆P ζ (k) parameterized as follows:
It turns out that the µ distortion originating from a single k-mode is approximated by
where k * =k * Mpc −1 . The COBE/FIRAS experiment provides the 2σ upper limit as µ 9 × 10 −5 [19] . Noting that A ζ O(0.01) is necessary to produce PBHs to an observationally relevant level [34] , we can plot µ as a function ofk * . Fig. 1 shows the plot of µ with A ζ fixed to 0.02. We find that any perturbation mode in a range 1 k * 3×10 4 produces µ larger than the COBE/FIRAS upper bound. Therefore, PBHs formed from the density perturbation in the abovek * range are excluded. This conclusion is insensitive to the change of A ζ (as long as it is O(0.01)), as is evident from the figure. Since k * is related to the PBH mass (see Eq. (19)), the abovek * range can be translated into the PBH mass range as 6 × 10
. PBHs in this mass range are basically ruled out. In the next section, we predominantly focus on PBHs whose mass is at most 5 × 10 4 M ⊙ as the seeds of the MBHs, which evade the constraints from the µ distortion.
#3 In typical models (e.g., [8] ) predicting the formation of PBHs as the seeds of SMBHs, the power spectrum of curvature perturbation has a sharp peak, the height of which exceeds O(0.01). The width of the peak should be finite but it cannot be arbitrarily wide to avoid overproduction of PBHs of masses irrelevant to the seeds of SMBHs. In addition, if we take into account the effects of the finite width of the spectrum, it leads to more production of µ distortion since in this case more than one k-modes contribute to µ distortion. For example, if we consider a step-like power spectrum ∆P ζ (k) = 2π
. Similarly, more UCMHs should be formed if we assume a wider power spectrum and so estimations based on one single k−mode obtained in this paper provide conservative upper bounds on the scenario of PBHs as the seeds of SMBHs. Therefore, for our purposes it is sufficient to restrict our attention to a delta-function like power spectrum.
#4 Density perturbations corresponding to larger PBH masses generate y-type distortion which is also constrained by the COBE/FIRAS experiment. From the view point of the observed supermassive black holes, such PBHs are too heavy and we do not consider this case in this paper. 
Cosmic rays from the UCMHs
As explained in the Introduction, the production of PBHs requires large amplitude of density perturbation. Such density perturbation also entails the formation of UCMHs. Since the density inside the UCMHs is large, we expect a considerable amount of cosmic rays due to annihilation of dark matter particles if they annihilate. From the non-observation of such cosmic rays, we can place upper bounds on dark matter annihilation cross sections assuming that at least part of the observed MBHs are the PBHs, which is the purpose of this section. The mass distribution of the observed MBHs [35] implies that the initial mass function of the seed PBHs has non-trivial shape, and hence the initial power spectrum of the primordial perturbation does too. However, complex natures of the PBH evolution due to mergers and accretions defeat precise mapping between the mass function of the MBHs and the initial power spectrum. In this paper, instead of investigating the evolution of PBHs, we simply consider the monochromatic power spectrum of the density perturbation (see also the footnote 3), which, as we will see, results in the PBHs having approximately the same mass equal to the horizon mass evaluated when the density perturbation reenters the Hubble horizon. Although this may oversimplify the realistic situation, we will show that the upper limits of the dark matter annihilation cross sections we obtain depend very weakly on M PBH , assuming that all the PBHs have the same mass M PBH . Therefore, even if we take into account the distribution of M PBH , we expect that our constraints would not differ significantly. In the following, we begin by providing the mass function of PBHs and that of UCMHs to estimate the typical masses under the assumption of the monochromatic power spectrum of the density perturbations, though in the subsequent sections we assume the monochromatic mass functions for both PBHs and UCMHs.
Mass functions of PBHs and UCMHs
In order to evaluate the mass functions of PBHs and UCMHs, we first need to specify the initial power spectrum of the density perturbation. We consider the monochromatic power spectrum, i. e.
where R is the curvature perturbation on the comoving slice. In the absence of the isocurvature perturbation, R is conserved on super-Hubble scales.
To connect P R with the mass function, we follow the formulation given in [36] . We first introduce a fixed but artificial (that is, arbitrary) initial time t = t ini before the PBH (or UCMH) formation in the comoving slice. In this slice, the density contrast δ and R is related as
where a is the scale factor and we have assumed that the Universe is dominated by radiation. Thus, the density contrast evolves in proportion to a 2 on super-Hubble scales. On this initial surface, we consider an overdense region whose size is a ini R (R is the comoving size). Then the density contrast of that region evolves as
on super-Hubble scales. For both the PBHs and UCMHs, their formation criterion can be formulated as follows. At the time of horizon crossing defined by
if the overdensity is larger than the critical density δ th , such a region eventually collapses to form a bound object. For the PBHs, we take δ th = 0.5 and δ th = 10 −3 for the UCMHs. In reality, because the formation depends also on the density profile, we do not have a unique value of δ th [37] [38] [39] [40] . But for simplicity, we do not consider such effects and assume that collapse occurs when the overdensity exceeds the fixed value of δ th . Using the expression of t H given above, the formation condition δ H ≥ δ th can be written as
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According to the Press-Schechter formalism, the probability of having collapsed objects in a range (R, R + dR) is given by
where P (δ ini , R) is the probability density that the smoothed region of size R has the density contrast δ ini at t = t ini . Here the upper limit is assumed to be ∞, which is a good approximation both for the PBH case and the UCMH case. In our paper, we assume a Gaussian distribution of P (δ ini , R), namely,
Note that σ 2 R is the variance evaluated at t = t ini . For the power spectrum given by Eq. (4), we have
For the Gaussian distribution function of P (δ ini , R), we find
Or, in terms of the mass of the collapsed object M, this becomes
We now have the basic formula of the mass function. In the following, we will apply the formula (13) first to the PBH mass function and then to the UCMH mass function.
Application to the PBH mass function
In the radiation-dominated universe, if the density contrast of the overdense region is larger than δ th = 0.5 at the time of horizon crossing, such a region undergoes gravitational collapse and becomes a PBH [12] . The mass of the PBH is approximated by the horizon mass evaluated at the time of horizon crossing. Thus, the mass of the PBH that formed from the overdense region with the comoving radius R can be written as
#5 According to numerical simulations, a spherical overdense region collapses to a BH when the radius of the region becomes equal to the Hubble radius H −1 .
Note that M is independent of t ini since a ini ∝ t
Using these equations, we find
and then
Finally, the mass function (13) can be written as
where Eq. (17) should be used for ∆/σ R in the last equation. As it should be, the mass function is independent of t ini . For the case of our interest for which P δ, * ≪ δ 2 th is always satisfied, the mass function (18) has a sharp peak and thus the mass at the peak gives the typical PBH mass. The peak mass M peak can be evaluated analytically by the condition that it minimizes the ratio ∆/σ R , yielding
The total fraction of the PBHs is given by the integral of 
where e is the Napier's constant. Using this equation, β is written as
Given β and δ th , we can determine P δ, * as a solution of the above equation. Because of different dilution rates of radiation and PBHs due to the cosmic expansion, the current abundance Ω PBH of PBHs is enhanced by the duration of the radiation dominated epoch measured since the PBH formation time. Thus, we have
where z PBH is the cosmological redshift when the PBHs are produced. Now, let us estimate Ω PBH for some interesting cases. If the SMBHs residing in present galaxies are PBHs, assuming a seed PBH of mass M PBH is contained in each galaxy, Ω PBH is estimated as
Since the PBH mass is equal to the horizon mass at the formation time, we have
Using Eqs. (23) and (24), we find
corresponding to P δ, * = 7 × 10 −3 for β = 10 −15 , δ th = 0.5. For the case in which the SMBHs observed at high redshifts (z = 6 ∼ 7) are PBHs, using the comoving number density of the SMBHs n BH ≃ 1 Gpc −3 , we have
where ρ c is the critical density. Setting β = 4 × 10 −23 , δ th = 0.5 leads to P δ, * = 4 × 10 −3 . From these examples, we find that P δ, * varies only by an O(1) factor even if we vary β by several orders of magnitude, which is simply because P δ, * depends on β only logarithmically. Thus, uncertainty in the PBH abundance does not affect our estimate of P δ, * so much. Furthermore, the abundance and mass of the UCMHs become insensitive to the value of P δ, * as long as it is much bigger than δ 2 th for the UCMH. Since δ th ≃ 10 −3 for the UCMH, P δ, * ≫ δ 2 th is always satisfied in the PBH scenario. To conclude, uncertainties such as the PBH abundance and δ th for the PBH have little impact on our constraint on the dark matter annihilation.
Lastly, let us consider the minimum PBH mass for which our constraints based on the copious UCMH formation can be applied. Density perturbations whose length scale is shorter than the free streaming scale can not grow to form UCMHs. The comoving wave number for the free streaming scale is given by [41] k fs ≃ 3 pc
where m χ is the WIMP mass and T kd is the temperature below which WIMPs are kinematically decoupled. Then, from Eq. (19), the PBH mass corresponding to k fs is given by
For definiteness, we take 1 M ⊙ as the minimum PBH mass when we give plots of our results as a function of M PBH .
Application to the UCMH mass function
As mentioned in the Introduction, if the density contrast of an overdense region is as large as O(10 −3 ) at the horizon crossing time, such a region undergoes gravitational collapse at around the time of the recombination and forms a gravitationally bound object (UCMH) [22] . Assuming that only the DM inside the overdense region collapses to a UCMH, the UCMH mass M is given by
As before, R is the comoving radius of the overdense region. Then, we have
and
as well as
Using these relations, the mass function can be written as
In this case too, the eventual result is independent of t ini . Contrary to the PBH case, the peak mass is larger than the total dark matter mass contained in the Hubble horizon evaluated at the horizon crossing time of the scale R. This is simply because the overdense region corresponding to the peak mass is larger than the scale R.
The upper limits on the annihilation cross sections we will derive later using the mass function obtained here are conservative for the following reason. In our case, the density contrast on the comoving scale R is as large as P δ, * = 0.06 and the density contrast of 10 −3 is achieved on a larger smoothing scale. In reality, smaller and denser UCMHs formed from the perturbation peaks of scale R should exist as well. In other words, a UCMH of the peak mass is expected to contain a population of smaller and denser UCMHs. However, the mass function computed in the present formalism neglects those smaller UCMHs and treat the larger UCMHs as structureless objects. Since annihilation occurs more efficiently in the smaller and denser UCMHs, the neglect of the lumpy structures results in an underestimate of the cosmic ray flux coming from the UCMHs, hence a conservative estimation.
The typical UCMH mass, given by the peak mass, is determined by the larger solution R c of ∆/σ Rc = 1, namely, δ th
Defining k 2 * R 2 c /2 ≡ x c and C ≡ δ th /2P
1/2 δ, * = 8 × 10 −3 with δ th = 10 −3 , P δ, * = 4 × 10 −3 , x c is approximately given by
Note that the smallness of the ratio C implies that a sizable fraction (∼ O(1)) of dark matter is contained in UCMHs. Now, since k * is related to M BH by Eq. (19) and R to M UCMH by Eq. (29), we can obtain the relationship between M UCMH and M BH by using the definition of x c as
We can also estimate the radius of the UCMH, which is approximately half the radius of the overdense region at the moment of the turn around. From the definition of x c ,
In this paper z turn is set to 1000 following previous work [22] . It should be noted that subsequent interactions and mergers among UCMHs and baryonic matter may change this picture (though the analysis of [42] suggests that these effects are not significant). An analysis of such effects is completely beyond the scope of this work.
Properties of UCMHs
As for the density profile of the UCMHs, we adopt the following form
where r c is the core radius which is to be determined shortly. The secondary infall theory based on the spherical collapse model predicts α = 9/4 [43, 44] and this value has been used in the literature [22, 26, 28, 30, 32] , whereas α was set to ∼1.8 in [42] . Given this situation, we leave α unspecified in a range 1.5 < α < 3 and study the dependence of the eventual results on α. Then, the mass of the dark matter inside the radius r(> r c ) is
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The condition M UCMH = M(R h ) gives ρ 0 in terms of other quantities as
There are two different processes that contribute to smoothing of the density profile near the center and determine the value of r c [28] . The first one is concerned with actual dark matter particles having velocity dispersion. If it were not for velocity dispersion and the collapse were purely radial, then the mass density would be singular at the center. In reality, the radial infall breaks down at some radius r Kep , where the angular velocity becomes equal to the Kepler velocity:
We use the velocity dispersion σ χ at the inception of the collapse derived in [22, 45] σ χ (z turn ) = σ χ,0 1000
where σ χ,0 = 0.14 m/s. Using the conservation of the angular momentum, the radius r at which the radial infall breaks down is written as
When r Kep is sufficiently large to satisfy the following inequality, the central region of a UCMH is smoothed due to the angular momentum without annihilation being effective:
where t 0 ≈ 13.7 Gyr is the age of the Universe. This inequality can be rewritten as the condition for the mass of PBHs as follows: (45) where σv can = 3 × 10 −26 cm 3 /s is the canonical value. In contrast, when this inequality does not hold, the central region of a UCMH is smoothed due to annihilation. In this case, the central density ρ 0 becomes equal to ρ anni : (47) with m χ = 1TeV and σv = σv can , below (above) which r Kep > r anni (r Kep < r anni ), when the profile of UCMHs is smoothed due to Kepler motion (annihilation).
Denoting the core radius in this case as r c = r anni , this equation yields the following expression for r anni : Fig. 2 shows which mechanism dominates and determines the core radius r c , which is the larger of r Kep or r anni .
Observational constraints on the cross sections from γ-rays
Before comparing the expected cosmic-ray flux from the UCMHs with the observational data, let us first consider whether γ−rays from the UCMHs in the Milky Way are observed as those from point sources or as diffuse γ−ray background. Assuming about half of the entire dark matter is contained in UCMHs, the number of UCMHs in our galaxy, whose mass is denoted by M MW , is estimated by
13 Angular resolution θ • of Fermi-LAT depends on the photon energy; for the energy interval covered by the Fermi-LAT, 100 MeV ∼ 600 GeV, θ is a monotonically decreasing function of the photon energy with θ = 5
• at 100 MeV and θ = 0.1 • at 100 GeV #6 . The number of UCMHs contributing to γ−rays observed within the solid angle corresponding to θ is given by
where A θ denotes the area of a circular region on a unit sphere subtended by θ/2:
If this quantity N θ is sufficiently larger than unity, UCMHs should be contributing to the diffuse emission, otherwise UCMHs are observed as point sources. Since the number of the UCMHs is dependent on their mass, whether the cosmic-rays from UCMHs can be seen as diffuse or separate points also depends on the UCMH mass. As we will see later, the most stringent bounds on DM annihilation modes are set by the photon flux measured at energy around 100 GeV for DM particle mass 1 TeV, which we assume here as a typical value. Then, using θ = 0.1 • for the photon energy ∼ 100 GeV, the critical mass dividing the two regimes (whether diffuse or point source) is given by
For PBHs less massive than this value, UCMHs are so dense that emission from them can be observed as diffuse emission. Since in this section we focus on PBHs whose mass is at most ∼ 5 × 10 4 M ⊙ , γ-rays from UCMHs can be regarded as diffuse and so later are compared with what is known as extra-galactic γ-ray emission.
Let us now consider constraints imposed by the Fermi-LAT on the γ-ray flux coming from the UCMHs in the Milky Way #7 . We use the observed γ-ray flux as the upper bound on the γ-ray coming from the UCMHs and translate it to upper bounds on the annihilation cross sections to the SM particles #8 . As the density profile of the dark matter in the Milky Way, we assume the Navarro-Frenk-White (NFW) profile #9 given by [46] 
#6 http://www.slac.stanford.edu/exp/glast/groups/canda/lat Performance.htm #7 The γ-ray flux originating from extra-galactic UCMHs has been estimated to be at most comparable to that from UCMHs in the Milky Way and therefore is not considered here.
#8 In a similar manner to the analysis done in this paper, it is straightforward to place limits on the decay rate of DM particles if they decay into SM particles. However, the γ−ray flux in this case does not differ significantly from the case of no UCMHs, contrary to the annihilation case in which the strong flux comes from the core of UCMHs. Thus, the DM decay case is not relevant to the test of the PBH scenario and we do not consider this case in this paper.
#9 Note that what matters to the evaluation here is the dark matter profile of only the integrated part in eq.(54) and the dark matter profile in the center of our galaxy, the highly controversial part, is irrelevant.
14 where ρ 0 c is the critical density and r s is the scale length. Since we do not know a priori properties of the DM particles, we consider three annihilation modes from DM to SM particles (χχ → bb, χχ → W + W − and χχ → τ + τ − ), individually. The γ-ray flux Φ γ,k created by an annihilation mode labeled by k inside a UCMH located at a distance d from the Earth is measured as:
where σv k represents the cross section of the mode k and N γ,k is the average number of created photons due to one annihilation process k. In what follows, we consider each annihilation mode separately and place a limit for each mode independently. Since combining all the annihilation modes only increases the γ−ray flux, our results provide conservative upper bounds on the cross section of each mode. Then, the energy flux coming from UCMHs at unit solid angle is calculated as follows:
where, d MW ∼ 300kpc is the radius of our galaxy and d E ∼ 8kpc is the distance between the center of our galaxy and Earth. The NFW profile has been integrated from the location of the Earth to the closest edge of our galaxy along the galactic plane. The NFW profile has been approximated by ∝ r −1 inside the scale length and by ∝ r −3 outside. The quantity dN γ,k /dE is the number of the emitted photons in one annihilation per unit energy, which is calculated using PYTHIA [33] . Shown in Fig. 3 is the calculated energy flux of γ−rays by using the formula (54) for three modes χχ → bb, χχ → W + W − and χχ → τ + τ − , with each cross section set to the canonical value. For comparison, we also plot two sigma upper bounds of extra-galactic γ-ray background (EGB) [47] obtained by the Fermi-LAT #10 . Clearly, the results show that setting the cross sections to the canonical value is totally inconsistent with the Fermi-LAT data, i. e. the γ−ray flux in such cases by far exceeds the measured values.
The requirement that the estimated flux coming from UCMHs using the equation above should not exceed EGB is translated into the upper limits on the cross section σv k , which is shown in Fig 4 and Fig 5 as a function of M PBH and of m χ , respectively. There are several things worth mentioning. First, interestingly, the dependence of the constraints on M PBH is very weak. This is because the number density of UCMHs is inversely proportional to M UCMH , whereas the volume integral of the squared energy density of the dark matter inside a UCMH is almost proportional to the volume of the core (∼ r 3 c ), which is almost proportional to R 3 h ∝ M UCMH , hence the weak dependence on M UCMH , namely on M PBH . Thus, the theoretical uncertainty of the increase of the PBH mass after the PBH formation does not affect our final results so much. Secondly, the constraints become tighter for larger values of α. This may result from more concentrated density profile of the UCMH, hence stronger γ−ray signals, for larger α. Thirdly, the constraints are weaker for larger values of m χ . When m χ is increased, 1. the maximum value of the energy flux decreases because of the lower dark matter density and 2. the position of the peak of the energy flux is shifted to higher energy. The first effect acts to make the constraints weaker, whereas the second effect acts in the opposite direction since the EGB flux is lower for higher energy, but only when m χ 5TeV because of the unavailability of the EGB data above ∼ 500GeV. It turns out that the first effect dominates the second, which explains the weaker constraints for lager m χ . Note that this tendency becomes even more noticeable for m χ > 10TeV, which is because the unavailability of EGB data above ∼ 500GeV invalidates the second effect. Lastly, the upper bounds for all the modes are mostly a lot smaller than the canonical value. This puts severe restriction on many WIMP scenarios in extended particle physics models where the cross sections to standard model particles such as those considered in this paper are typically around the canonical value unless some fine-tuning among model parameters is imposed. In other words, our results indicate that if DM particles turn out to be WIMPs having typical strength of interactions with SM particles, the PBH scenario as the origin of SMBHs observed at high redshifts is strongly disfavored.
Observational constraints on the cross sections from neutrino flux
It is also worthwhile to consider constraints on the cross sections obtained from neutrino flux and compare two kinds of constraints, obtained from γ−rays and neutrinos #11 . Neutrino flux from UCMHs can be calculated in the same way as γ−rays discussed so far, except for the necessity to consider neutrino oscillation, whose effects can be incorporated using the following formula [48] :
where the subscript 0 indicates flux emitted from UCMHs and F νµ is the flux of ν µ at the Earth. Neutrino flux thus calculated is shown in Fig. 6 , with that of two sigma upper bounds of atmospheric neutrinos, obtained by Frejus and IceCube #12 , shown together for comparison.
#11
Related to this section is [32] , in which constraints on power spectrum of primordial perturbation were obtained by neutrino flux from UCMHs. #12 https://indico.triumf.ca/getFile.py/access?contribId=9&sessionId=8&resId=0&materialId=slides&confId=1756
The neutrino flux from UCMHs should not exceed that of atmospheric neutrinos, from which constraints on the cross sections are obtained as shown in Fig. 7 and 8 , as a function of M PBH and of m χ , respectively. As in the case of photons, when m χ is increased, 1. the maximum value of the energy flux decreases because of the lower dark matter density and 2. the position of the peak of the energy flux is shifted to higher energy, with the first effect acting to make the constraints weaker, the second effect acting in the opposite direction. Though in Fig. 8 the limit lines are zigzag, reflecting fluctuations of data points, the second effect dominates the first, and the constraints are overall tighter for larger m χ .
Summary
Super massive black holes (SMBHs) (10 6 ∼ 10 9.5 M ⊙ ) are observed in many galaxies today as well as at high redshifts z = 6 ∼ 7. Furthermore, intermediate-mass black holes (IMBHs) (10 2 ∼ 10 6 M ⊙ ) are also observed. Since there is no established astrophysical explanation for their origin, those massive black holes (MBHs) may be primordial black holes (PBHs).
In this paper, we focused on the PBH scenario in which the MBHs (either SMBHs or IMBHs, or both) are the remnants of the direct gravitational collapse of large density perturbation that occurred when the Universe is still dominated by radiation. One of the attractive points of the PBH scenario is that we only need to assume large amplitude of the seed density perturbation on scales corresponding to the Jeans length for the PBH formation. Accordingly, several inflationary models have been contrived to realize large density perturbation while satisfying the COBE normalization on cosmological scales. This paper aims at discussing the possibility of excluding the PBH scenario as the explanation of the observed MBHs.
In this paper, we have first considered the constraints on PBHs obtained from the CMB distortion that the seed density perturbation causes. The PBH formation requires large amplitude of the density perturbation and considerable amount of the CMB distortion is induced by the dissipation of such density perturbation. For the primordial power spectrum having a sharp peak at given scale, we found that PBHs in the mass range M PBH 6 × 10 4 M ⊙ are excluded as the seeds of the SMBHs. Since PBHs lighter than 6 × 10 4 M ⊙ cannot be excluded from the non-observation of the CMB distortion, we have then proposed a new method which can potentially exclude smaller PBHs. Because of fairly large density perturbation required for creating PBHs, UCMHs are copiously produced as well (many more than the PBHs). If DM is WIMP [49] having sizable interactions with SM particles, we expect cosmic rays such as γ− rays and neutrinos out of UCMHs as a result of annihilations of DM particles. If future terrestrial experiments identify DM particles as WIMPs and measure the interaction strength between them and SM particles, a situation can happen where the measured interaction strength is inconsistent with non-observation of cosmic rays produced by DM annihilation inside the UCMHs, the copious production of which is an inevitable outcome in the PBH scenario. If such a situation actually arises, then our proposal disfavors the PBH scenario and astrophysical explanations of the origin of the MBHs are strongly supported. As far as we know, this is the second proposal that has the potential to falsify the PBH scenario for a mass range 1 M ⊙ M PBH 6 × 10 4 M ⊙ , corresponding to the comoving wave number 3 × 10 4 Mpc −1 < k < 7 × 10 6 Mpc −1 . (The first proposal to test the PBH scenario is probably acoustic reheating [50, 51] .)
As typical annihilation modes, we considered three processes; χχ → bb, χχ → W + W − and χχ → τ + τ − , varying each annihilation cross section, and calculated the expected γ−ray and neutrino fluxes from the UCMHs assuming the PBH scenario. By comparing them with the cosmic ray observations, we found that the upper bounds on the cross sections for all the cases are several orders of magnitude smaller than the canonical value σv can = 3 × 10 −26 cm 3 /s. Since the WIMP in many extended SM models has annihilation cross sections to the SM particles comparable to the canonical value [52] , our bounds give severe restriction on the compatibility between the particle physics models and the PBH scenario. Our analysis clearly demonstrates that consideration of the cosmic rays out of the UCMHs could potentially falsify the PBH scenario. If WIMPs having the standard interaction strength turn out to be DM in the future, then our proposal will play an important role in elucidating one of the scenarios for the origin of the MBHs. 28
